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Abstract
Rapidity dependent strangeness enhancement factors for the identified par-
ticles have been studied with the help of a string based hadronic trans-
port model UrQMD-3.3 (Ultra-relativistic Quantum Molecular Dynamics)
at FAIR energies. A strong rapidity dependent strangeness enhancement
could be observed with our generated data for Au + Au collisions at the
beam energy of 30A GeV. The strangeness enhancement is found to be max-
imum at mid-rapidity for the particles containing leading quarks while for
particles consisting of produced quarks only, the situation is seen to be oth-
erwise. Such rapidity dependent strangeness enhancement could be traced
back to the dependence of rapidity width on centrality or otherwise on the
distribution of net-baryon density.
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1. Introduction
In heavy-ion collisions, the pattern of variation of net-baryon density
(µB) in rapidity space is found to vary with beam energy. For example,
at SIS18/AGS energies, the variation of net-baryon density with rapidity is
found to be of Gaussian shape with its peak at mid-rapidity [1], whereas at
top SPS and RHIC energies, such variation of µB shows bimodality with a
minimum at mid-rapidity [2, 3, 4, 5, 6, 7]. At LHC energies, the net-baryon
density is found to be close to zero at mid-rapidity [8]. It is therefore easily
comprehensible that the rapidity distribution of a particle, the production of
which is sensitive to net-baryon density, or otherwise, the particles containing
leading quarks (such as k+, Λ, Ξ−), might tend to follow the net-baryon den-
sity distribution. The rapidity dependence of other particles whose none of
the constituents is u or d quark might not exhibit any such dependencies on
net-baryon density. Our earlier work [9] on the variation of rapidity width of
various produced particles on beam rapidity, with special reference to Λ and
Λ, has vindicated such prediction. It may, therefore, be not completely out
of context to believe that a number of other kinematic and dynamical prop-
erties of heavy-ion collision might get coupled with this net-baryon density
distribution effect.
Strange particles are produced only at the time of collisions and thus
expected to carry important information of collision dynamics. Strangeness
enhancement is considered to be one of the traditional signatures [10, 11]
of formation of Quark Gluon Plasma (QGP). Due to the limitation of the
detector acceptance, the past and ongoing heavy-ion experiments could mea-
sure the strangeness enhancement at mid-rapidity only. All such measure-
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ments assume a global conservation of strangeness. However, Steinheimer et
al. [12] from UrQMD calculation predicted that strangeness is not uniformly
distributed over rapidity space leading to a local violation of strangeness con-
servation. Thus, the study of rapidity dependent strangeness enhancement
is of considerable significance.
Considering the fact that with the large acceptance detectors of the up-
coming FAIR-CBM experiment [13, 14, 15, 16], measurement of the rapidity
dependent strangeness enhancement factor could be a possibility, strangeness
enhancement factor at different rapidity bin has been estimated for various
identified particles produced in Au+Au collisions at 30A GeV using a string
based hadronic transport model UrQMD-3.3 (Ultra -relativistic Quantum
Molecular Dynamics).
2. The UrQMD model
Ultra-relativistic Quantum Molecular Dynamics (UrQMD) [17, 18] is a
microscopic transport model based on a phase space description of p + p,
p+A and A+A collisions that remains successful in describing the observ-
ables of heavy-ion collisions over a wide range of beam energies, that is, from
Elab = 100 AMeV to
√
s = 200 GeV [19, 20, 21, 22]. At low and intermediate
energies (
√
s < 5 GeV), it describes the phenomenology of heavy-ion colli-
sions in terms of interactions between known hadrons and their resonances.
Fifty-five baryon species up to an invariant mass of 2.25 GeV and 32 meson
species up to 2 GeV have been included in this model. At higher energies
(
√
s > 5 GeV), the excitation of color strings and their subsequent fragmen-
tation into hadrons are taken into account [17, 18, 23]. The string models
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[37] are found to be very successful in describing various dynamical features
of high-energy heavy-ion collisions. One of the main ingredients of the string
models is the string fragmentation function. The fragmentation function in
string models generally determines the kinematics of the produced particles.
The fragmentation function f(x) represents the probability distribution for
hadrons to acquire the longitudinal momentum fraction x from the fragment-
ing string [18]. Over the year, different types of fragmentation functions were
proposed e.g. Lund-fragmentation [37], Field-Feynman fragmentation func-
tions [25] etc. In the default setting of the UrQMD model, Field-Feynman
[25] fragmentation scheme is used for the produced particles (see Eqn. 1)
whereas for the leading nucleons, a different kind of fragmentation scheme
is implemented (see Eqn. 2). The values of the free parameters of the frag-
mentation function have been optimized in accordance with the experimental
data. For the sake of completeness, the fragmentation functions used in the
default version of UrQMD model have also been plotted as a function of lon-
gitudinal momentum fraction x as shown in Fig. 1. The functional form of
the fragmentation functions used in UrQMD model are given below,
f(x)prod = (1− x)2, (1)
f(x)lead = exp
[
−(x−B)
2
2A2
]
, (2)
where A and B are free parameters, A = 0.275 and B = 0.42. The parame-
ters A and B respectively represent the standard deviation and mean of the
distribution as shown in Eqn. 2. f(x)prod and f(x)lead are the fragmentation
function of produced particles and leading nucleons respectively.
Strange particle production in UrQMD: As far as the production
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Figure 1: String fragmentation functions used in the default version of UrQMD model
[17].
of strange hadrons is concerned, in heavy-ion collisions, they may either be
produced in the very early stage in the initial collisions among the incoming
nucleons or at the later stage through secondary collisions among the pro-
duced particles [26]. In low energy domain, that is, close to threshold energy,
strange particles can either be produced in NN reaction channel directly, also
known as associated strangeness production, e.g., p + p→ p + Λ + K+ or in
two steps reactions such as p+ p→ N +N∗1710 and finally N∗1710 → Y +K+.
As already discussed, at higher incident beam energies, strange particle pro-
duction, in general, is dominated by string excitation and fragmentation [26].
It is to be noted here that other than string excitation and fragmentation,
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the multi-strange hyperons like Ω−(sss) can also be produced via strangeness
exchange reaction channels like ΞK → Ωpi.
3. Strangeness enhancement
Strangeness enhancement factor ES is quantified by measuring the ratio
of the yield of strange particles in A+A collisions and respective yield in p+p
collisions, where both the numerator and denominator are normalized by the
average number of participating nucleons 〈Npart〉, calculated using Glauber
model [27]. The conventional definition of strangeness enhancement factor is
[28, 29],
ES =
(Y ield)AA
〈Npart〉 /
(Y ield)pp
2
. (3)
In this report, using reference [31], an alternative definition of strangeness
enhancement factor ES is used where ES is defined as,
ES =
[
(Y ield)AA
〈Npi−〉
]
central
/
[
(Y ield)AA
〈Npi−〉
]
peripheral
, (4)
The reason for taking the average number of produced pions 〈Npi−〉, in-
stead of 〈Npart〉, as a measure of centrality variable is described elsewhere
[32, 33].
4. Results and discussion
A total of 93 million minimum biased UrQMD events in default mode has
been used for the present analysis. The strangeness enhancement factor (ES)
has been estimated and plotted as a function of rapidity for various identified
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strange particles for Au+ Au collisions at 30A GeV and is shown in Fig. 2.
The impact parameter windows chosen for central and peripheral collisions
are 0-4.1 fm and 9-13 fm respectively. We choose Au+Au collisions at 30A
GeV for the present study as the baryon density is reported to be maximum
at this energy [34]. It is interesting to see from the figure that ES depends
strongly on the rapidity and this dependence follow two distinctive patterns.
While the enhancement factor at mid-rapidity is found to be maximum for
the particles containing leading quarks (filled circle), the same is observed
to be minimum at mid-rapidity for the particles containing produced quarks
only (open circle). However, even though a rise and fall pattern is also visible
for Ω−, consisting of three produced quarks only (sss), the existence of a slight
dip at mid-rapidity can be clearly visible which is consistent with the general
trend and would be discussed in detail later.
To understand the underlying dynamics of such rapidity dependent strangeness
enhancement, the normalized rapidity distributions for both central and pe-
ripheral collisions (Fig. 3) and the width of the rapidity distribution as a
function of centrality (Fig. 4) are plotted for various produced particles.
It is readily evident from Fig. 3 and Fig. 4 that the different patterns of
variation of rapidity dependent strangeness enhancement factor for particles
containing and not containing leading quarks lie on the dependence of ra-
pidity distribution or otherwise the variation of the width of the rapidity
distribution on centrality. The width of the rapidity distribution increases
as we go from central to the peripheral collisions for the particles containing
leading quarks, a feature that might be attributed to the variation of net-
baryon density with impact parameter at the studied energy. In Fig. 5, we,
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Figure 2: Strangeness enhancement factor as a function of rapidity for particles containing
at least one leading quark (filled circle) and particles containing only produced quarks
(open circle) for Au+Au collisions at 30A GeV. The errors are small and are within the
symbol size.
therefore, plot Λ¯ to Λ ratio against rapidity for different centrality for the
studied Au + Au collisions at 30A GeV. It could be readily seen from this
figure that as we go from central to peripheral collision, the width of the
rapidity distribution of Λ¯ to Λ ratio decreases. Thus, with increasing im-
pact parameter, as expected, the net-baryon number tends to populate the
extreme rapidity spaces due to small overlap of the colliding partners. This
increase in the population of baryons over anti-baryons at larger rapidities
causes the broadening of the width of the rapidity distribution of the par-
8
0 2 4 6
) d
N/
dy
pi
(1/
N)
 (1
/N
0
0.02
0.04
Central
Peripheral+K
0 2 4 6
0
0.01
0.02
0.03
0.04
Λ
0 2 4 6
0
0.0005
0.001
-Ξ
0 2 4 6
0
0.005
0.01
0.015
-K
0 2 4 6
0
0.2
0.4
3−10×
Λ
0 2 4 6
0
0.0005
0.001
0.0015 φ
0 2 4 6
0
0.05
3−10×
+Ξ
0 2 4 6
0
0.02
0.04
0.06
3−10×
-Ω
Rapidity (y)0 2 4 6
0
5
10
6−10×
+Ω
Figure 3: Normalized rapidity distribution of particles containing leading and produced
quarks for central as well as peripheral Au + Au collisions at 30A GeV. The errors are
small and are within the symbol size.
ticles containing leading quarks (since their production is dependent on the
distribution of u and d quarks). This may otherwise mean that at the studied
energy, a large fraction of such particles are not pair produced. Further, from
Fig. 4 (right panel) it is also seen that for all but Ω− particles, consisting of
produced quarks only, the rapidity widths decrease with decreasing centrality
(or increasing impact parameter). Such decrease in the width of the rapid-
ity distribution of these particles could be due to the decrease in the size of
the central fireball with the increase of impact parameter. It is to be noted
here that, the observed dependence of width of the rapidity distribution with
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Figure 4: Rapidity width as a function of impact parameter for identified particles
for Au + Au collisions at 30A GeV. The rapidity width or RMS has been calculated
by parameterizing the rapidity distributions with a double Gaussian. The details of the
parameterization is provided in the ref. [9].
centrality has also been reported for kaons and lambdas by the NA49 col-
laboration for 40A GeV Pb+Pb collisions [35, 36]. Moreover, for Ω− baryon,
whose all the constituent quarks are produced quarks only (sss), its produc-
tion in UrQMD-3.3, in addition to string fragmentation, is also influenced by
Ξ− and Ξ0 via Ξ−+K− → Ω−+pi−, Ξ−+K¯0 → Ω−+pi0, Ξ0+K− → Ω−+pi0,
and Ξ0+K¯0 → Ω−+pi+. Both Ξ− (dss) and Ξ0 (uss) contain a leading quark
as one of their constituents. It is because of this influence of Ξ− (Ξ0), Ω− is
found to exhibit a different pattern other than its species members (having no
leading quarks). To prevent the production of Ω− from ΞK interactions, an-
other 60 millions of minimum biased events were generated by switching off
the reaction channels viz. Ξ− + K− → Ω− + pi−, Ξ− + K¯0 → Ω− + pi0,
Ξ0 + K− → Ω− + pi0, Ξ0 + K¯0 → Ω− + pi+, Ξ¯+ + K+ → Ω¯+ + pi+,
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Figure 5: Λ¯/Λ as a function of rapidity for different centrality interval in Au+Au collisions
at Elab = 30A GeV.
Ξ¯+ + K0 → Ω¯+ + pi0, Ξ¯0 + K+ → Ω¯+ + pi0, Ξ¯0 + K0 → Ω¯+ + pi− in the
UrQMD event generator and the resulting rapidity dependent enhancement
factor of Ω− is re-plotted in Fig. 6. It can be readily seen from this figure
that the generic rise and fall pattern of ES, as seen for leading particles,
is now completely missing. Even though the plot is not exactly symmetric,
which could be due to the fact that UrQMD does not symmetrize when it
does kinematics in absence of the aforementioned reaction channels, as is ev-
ident from the Fig. 7, the presence of a clear minimum around mid-rapidity
can surely be not ruled out.
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Figure 6: Strangeness enhancement factor for Ω− as a function of rapidity for Au + Au
collisions at 30A GeV without the ΞK → Ω−pi.
As from Fig. 5, it is seen that anti-particle to particle ratio is much less
than unity, annihilation processes are expected to be negligible in leading
quark hadrons while they could be dominant for non-leading quark hadrons.
To ascertain the role of annihilation process, if any, on strangeness enhance-
ment factor, another 20 million UrQMD events at 30A GeV are generated
by turning off the annihilation process and rapidity dependent enhancement
factors ES for various studied hadrons have been re-plotted in Fig. 8. From
this figure, it could be readily seen that the stopping of annihilation pro-
cesses indeed has no significant effect on ES of leading quark hadrons. How-
ever, for non-leading quark hadrons, change in ES is much more significant.
Even though the general shape of the rapidity dependent ES for non-leading
hadrons remains the same i.e., minimum at mid-rapidity, with the stopping
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Figure 7: Normalized rapidity distribution of Ω− baryon in central and peripheral colli-
sions (a) for default UrQMD and (b) by switching off the ΞK → Ωpi channel in Au+Au
collisions at 30A GeV. The errors are small and are within the symbol size.
of annihilation process, the enhancement factors at mid-rapidity have been
increased considerably changing the suppression (ES < 1) to enhancement
(ES > 1).
Further, in order to investigate the influence of the string fragmenta-
tion schemes on the observed strangeness enhancement pattern, another 45
million events were generated by implementing the Lund-fragmentation func-
tion as string fragmentation scheme for the produced particles in the UrQMD
model. The Lund string fragmentation function is given by [29],
f(x) ∝ 1
x
(1− x)a exp
(
−bm
2
T
x
)
, (5)
where a and b are the free parameters to be fixed by the experimental data.
mT represents the transverse mass of the produced hadron. The average
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Figure 8: Strangeness enhancement factor as a function of rapidity for particles containing
at least one leading quark (filled circle) and particles containing only produced quarks
(open circle) for Au + Au collisions at 30A GeV by switching off BB¯ anihilation.
squared transverse momentum 〈p2T 〉 of produced particle is proportional to
the string tension κ. The two parameters a and b are approximately related
to the string tension by the following relation [37],
κ ∝ [b(2 + a)]−1 . (6)
Fig. 9 illustrates the rapidity dependent strangeness enhancement for the
produced particles using Lund fragmentation model as the string fragmenta-
tion scheme. It is clearly seen from the figure that, similar to that of Field-
Feynman fragmentation scheme (blue solid line in Fig. 1), the LUND model
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Figure 9: Strangeness enhancement factor as a function of rapidity for particles containing
at least one leading quark (filled circle) and particles containing only produced quarks
(open circle) for Au + Au collisions at 30A GeV using Lund fragmentation function.
also predicted two distinctive patterns of rapidity dependent strangeness en-
hancement for the particles containing and not containing leading quarks.
5. Summary
Strangeness enhancement factors of various produced particles containing
and not containing leading quark(s) as one of the constituents are studied
at various rapidity bins for Au + Au collisions at 30A GeV. It is interesting
to observe from this investigation that the patterns of rapidity dependent
strangeness enhancement factors depend on the quark content of hadrons.
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At mid-rapidity, the strangeness enhancement factor is found to be maxi-
mum for the particles containing leading quark(s) while it shows a minimum
at mid-rapidity for the particles containing produced quarks only. Such two
distinctive patterns of variation of strangeness enhancement factor with ra-
pidity have been attributed to the fact that the variation of rapidity width
of the produced particles follows two different patterns with the centrality of
collision for particles containing or not containing leading quarks which in
turn, is dependent on the variation of net-baryon density distribution with
collision centrality. Moreover, even though the annihilation process is found
to have little effect on ES of leading quark hadrons, it considerably changes
the ES of non-leading quark hadrons at all rapidity space. Further, the ob-
served rapidity dependent strangeness enhancement pattern is found to be
independent of the string fragmentation schemes of UrQMD considered for
particle production.
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